To meet the United Nations (UN) sustainable development goals and the European Union (EU) strategy for a nontoxic environment, water resources and ecosystems management require cost-efficient solutions for prevailing complex contamination and multiple stressor exposures. For the protection of water resources under global change conditions, specific research needs for prediction, monitoring, assessment and abatement of multiple stressors emerge with respect to maintaining human needs, biodiversity, and ecosystem services. Collaborative European research seems an ideal instrument to mobilize the required transdisciplinary scientific support and tackle the largescale dimension and develop options required for implementation of European policies. Calls for research on minimizing society's chemical footprints in the water-food-energy-security nexus are required. European research should be complemented with targeted national scientific funding to address specific transformation pathways and support the evaluation, demonstration and implementation of novel approaches on regional scales. The foreseeable pressure developments due to demographic, economic and climate changes require solution-oriented thinking, focusing on the assessment of sustainable abatement options and transformation pathways rather than on status evaluation. Stakeholder involvement is a key success factor in collaborative projects as it allows capturing added value, to address other levels of complexity, and find smarter solutions by synthesizing scientific evidence, integrating governance issues, and addressing transition pathways. This increases the chances of closing the value chain by implementing novel solutions. For the water quality topic, the interacting European collaborative projects SOLUTIONS, MARS and GLOBAQUA and the NORMAN network provide best practice examples for successful applied collaborative research including multi-stakeholder involvement. They provided innovative conceptual, modelling and instrumental options for future monitoring and management of chemical mixtures and multiple stressors in European water resources. Advancement of EU water framework directive-related policies has therefore become an option. © The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Challenge To achieve a sustainable development and maintain welfare, distinct sustainable development goals (SDG) are consented in international policy (https ://www. un.org/susta inabl edeve lopme nt/susta inabl e-devel opmen t-goals /). The implementation of the SDG, however, faces enormous challenges at continental and global scales, including climate change [1] , chemical pollution, urbanization and demographic changes [2] , quantitative and qualitative shortage of freshwater for drinking water production and ecosystem functioning, and the loss of biodiversity and ecosystem services [3, 4] . Recently, the Background Report by the UN's Environment Assembly "Towards a pollution-free planet" estimated "19 million premature deaths annually as a result of the way we use natural resources and impact the environment to support global production and consumption" [5] . While chemical consumption and production are expected to double within the next 15 years [6] , pesticides and other pollutants are reported to already pose significant risks to aquatic ecosystems [7] and compromise ecosystem biodiversity [8] . Environmental pollution, particularly pesticides, had been identified as drivers of the decline of insects and birds and thus compromise related ecosystem services such as pollination [9, 10] . Wildlife and humans experience lifelong continuous exposure to complex mixtures of chemicals in concert with other stressors [11] . This stands in contrast to established regulatory sectoral thinking that so far prevails in chemical safety and environmental protection, quality assessment and management. To foster sustainable chemistry development, the challenge is to overcome 'silo' thinking and to develop means to comprehensively understand, predict, and assess aggregated individual exposure (exposome) and stress profiles to identify the means for dealing with real-world complexity and dynamics. This perspective would allow new and original thinking about options to prevent and limit mixture risks and support sustainability in chemical use and land management.
The EU strategy for a non-toxic environment (http:// ec.europ a.eu/envir onmen t/ chemicals/non-toxic/index_ en.htm) responds to these challenges and provides an ambitious commitment in support of goals, geared towards the provision of food (SDG 2), clean water for humans (SDGs 3 and 6), responsible production and consumption (SDG 12), as well as safeguarding of aquatic life (SDG 14) . Furthermore, as the SDGs are interconnected [12] , integrated environmental policies and strategies are required to protect our natural capital, stimulate resource-efficient, low-carbon growth and innovation, safeguard people's health and well-being while respecting the Earth's natural limits [13] .
Evidence-based approaches to support these strategic goals are needed. Current scientific knowledge, however, is often produced in fragmented settings based on disciplinary, small-scale studies that produce scientifically interesting results but with limited dissemination to decision makers. Moreover, since stakeholders are hardly, if ever, involved in basic research, many scientific findings remain unnoticed or are taken up for policy action only after decade-long delays [5] . Furthermore, there are limitations for national science funding schemes when it comes to large-scale multidisciplinary challenges such as understanding global processes, managing large ecosystems, e.g., river basins that cross national borders, or safeguarding environmental quality for multiple, often conflicting, purposes.
The scientific and technical means to record unparalleled amounts of data for chemical fingerprinting, toxicological profiles, biological and ecological functions in a yet unachieved resolution are emerging [14, 15] . These data offer novel insights to anticipate impacts on biodiversity and ecosystem services as basis for informed decision making. Yet, the full potential of such information can only be realized if it becomes accessible to a larger scientific community and if the digitalization is complemented with tools to derive the new knowledge and options for societal problems. The European Collaborative Projects SOLUTIONS [16] , MARS [17] , GLOBA-QUA [18] and the NORMAN network (https ://www. norma n-netwo rk.net/) [19] have demonstrated how European research can provide the platforms for such large-scale data exchange between the scientific community and regulators, taking advantage of increasing digitalization and big data mining, and providing means to transform information into knowledge useful for decision making.
We are facing large-scale environmental challenges that call for transformative thinking and scientific expertise needs to be mobilized to address them adequately. The European Union organized support for excellent international research teams within their Framework Programmes to develop coherence in the European Innovation Union [20] . Such an unprecedented level of integrated European environmental research efforts is seen internationally as a major success story, because it provides scientific evidence and competitive solutions directly in support of European policies and practices on environmental protection and sustainable development. Given the current challenges, these are strong arguments to further support and strengthen European collaborative research, to address the challenges related to (1) the prediction, monitoring, assessment and management of increasingly complex contamination and multiple stressor exposure, (2) minimizing pressure on health, biodiversity and ecosystem services, (3) developing options for smart, sustainable and healthy cities and landscapes, and (4) support sustainable agriculture and industrial innovation and production.
The present paper gives recommendations for strengthening European collaborative applied research to achieve the European environmental policy goals. It has been written on the basis of the experience of the large EU-funded projects SOLUTIONS, MARS and GLOBA-QUA. The extensive scientific results of the three projects are documented in about 200 publications each, accessible via the websites https ://www.solut ions-proje ct.eu/, http://www.mars-proje ct.eu/, http://www.globa quaproje ct.eu/en/home/, and have been exploited to derive a series of policy briefs published in this journal [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . We made no attempts to summarize these results here but drew conclusions for the requirement of future European research under systematic involvement of major stakeholders using a small selection of general achievements of the projects to underline these conclusions.
Recommendations
• Specify the needs and opportunities for science-based options in support of a non-toxic environment Contamination of European water resources with mixtures of pesticides, biocides, pharmaceuticals, and other pollutants should be tackled as a complex, multi-dimensional challenge. The additional impact of non-chemical stressors deriving from, e.g., climate change which can alter chemical exposure and effects through water scarcity and thus decreasing dilution of pollution, or the remobilization of contaminants during more frequent flood events have to be seen in concert. Moreover, factors enhancing chemical pressures that have to be accounted for include urbanization and demographic and land use changes inducing rising emissions of pharmaceuticals and personal care products or higher demand for water reuse, respectively. Innovative chemical management in conjunction with sustainable land use and agriculture to counteract the current losses in biodiversity and safeguard ecosystems goods and services requires innovative 'out-of-the-box' thinking. EU research for the Water Framework Directive may prove an example of how collaborative European environmental research can support implementation and advancement of European policies. • Establish European collaborative and interdisciplinary research projects to (i) develop options for comprehensive reduction of modern society's footprints in the nexus of growing demands on energy, food and clean water, (ii) provide the scientific underpinnings for a non-toxic environment, and (iii) protect health, biodiversity and ecosystems goods and services from being jeopardized by exposure to increasingly complex chemical mixtures and non-chemical stressors. Integrated projects should thus aim to:
-Develop concepts, approaches and methods to close knowledge gaps for chemical mixtures and multiple stressors assessment, e.g., through adverse outcome networks. Emerging and promising methods for a more holistic diagnosis and impact assessment should be advanced including chemical and bioanalytical non-target screening, high-throughput (eco)toxicological profiling, OMICs methods, and human and ecological health monitoring programmes; -Survey the 'universe of chemicals' that our societies deal with, currently and in the foreseeable future as a basis for a systematic understanding, and management of exposure to and effects of this chemical universe at different scales; -Identify vulnerable species, ecosystems and human populations and prioritize human activities and source regions for abatement. This includes inventories of stress and pollution patterns as well as the development of comprehensive data repositories, computer tools and models to diagnose and predict stress profiles in space and time; -Develop long-term strategies for the integrated monitoring, assessment and management of chemical and non-chemical stressors on a European scale and test them in model landscapes in close collaboration between academia and public bodies, industry, agriculture, environmental associations and citizens; -Provide a coherent framework for sustainable chemistry comprising chemical invention ('benign by design'), production, distribution, use, waste, fate and effect management across all chemical uses including a dynamic process perspective for progress in knowledge (i.e., accommodate for cross-talk between monitoring and prospective risk assessment); -Integrate ecosystem services into environmental management and planning to facilitate a more comprehensive assessment of environmental quality. This provides options to become a driver of societal acceptance and associated policy formulation.
In support of this concept, a participatory Ecosystems Services approach for pressure prioritization that enables the integration of Ecosystem Services into River Basin Management Plans would allow a systematic way to prioritize pressures with metrics that directly match with matters that are important for people [33] . -Develop strategies for urban water and pollution management to support smart, sustainable and healthy cities including the assessment of transboundary chemical footprints [34] , advancing on the concept of source-related discharge signatures [35] and fingerprints [14] ; -Foster science-policy interaction for strengthening policy coherence and harmonized cross-compliance of regulations on chemical, water, energy and environmental conservation and to anticipate upcoming transition pathways, e.g., for implementing a circular and bio-based economy.
• Foster the involvement of non-EU partners in European collaborative research The realization of the UN SDGs is a global challenge. Mounting environmental deterioration on a global scale will also affect health and welfare of European citizens. For many developing and emerging economies, European regulation and research on chemicals and environmental protection provide valuable options as solutions for environmental problems and thus also assist in keeping anthropogenic impacts within planetary and regional boundaries as a safe operating space for humanity [36] . Common funding instruments and encouraging collaboration with research groups from the United States, Canada, Australia, Japan, China, Brazil as well as developing countries on applied environmental science and pollution research will more efficiently identify major drivers, mobilize additional resources and expertise towards a non-toxic environment and sustainable development on a relevant scale. • Complement European research with targeted national scientific funding to provide incentives for inventions regarding specific scientific questions and to support the evaluation, demonstration and implementation of novel concepts and approaches on a regional scale. The projects SOLUTIONS, MARS and GLOBAQUA may serve as examples, as they developed novel consistent approaches for protection, monitoring, assessment and management of water quality, chemical contamination and multiple stressors. National projects provided follow-up on approaches for regional and national water bodies and river basins in close collaboration with stakeholders from agencies, water supply, wastewater treatment, agriculture, fishing industry and municipalities, NGOs, and others. This collaboration of science and stakeholders on a regional level will provide new opportunities of implementation of protection, monitoring, assessment and management options identified in European research. In addition, specific scientific questions fostering detailed process understanding and specific instrumentation can be addressed efficiently at national levels. • Provide incentives for solution-oriented approaches that allow becoming more creative in chemical innovation and management. We need to depart from the route of one-dimensional thinking of current individual chemical risk assessment and generate more flexibility, e.g., by allowing for weight-of-evidence-based approaches. Collaborative European environmental research is a powerful tool to identify options and alternative trajectories in a world changing to biobased and circular economy approaches. Management action could often be taken before final conclusive statements about a single chemical's hazards and risks are available. Assessing different a priori abatement options for challenging problems rather than producing finite a posteriori status assessments may often be more efficient to derive sustainable solutions [37] . Strategies to develop smart solutions based on sparse data are needed. Emerging transition pathways such as repurposing of waste, which involve fundamental changes in chemical life cycles need incentives. • Encourage multi-stakeholder involvement in EU collaborative projects to capture added value and address complexity Solution-oriented research needs to go beyond the scientific community and needs to engage with the private sectors, governments, citizen groups and environmental organizations [12] . Multiple stakeholder participation in ambitious integrated research projects can play several roles. They function as emphatic safeguards regarding the project's principal objectives. They facilitate the necessary development of overall objectives into operational issues. They foster a science-society dialogue and they help to communicate and translate project findings for non-scientific audiences. Moreover, they are crucial to develop and conduct demonstration projects, pilot and case studies as well as wider acceptance for necessary actions. Crucially, they serve to explore and define a far wider 'solution space' in which innovative transition scenarios can be defined beyond disciplinary boundaries. Stakeholder involvement helps finding solutions for complex problems, as long as the different roles of scientists and stakeholders are acknowledged. Scientists work from scientific facts, while solutions additionally require specific attention to governance issues and transition pathways, which can be anticipated by stakeholders. Thus, for collaborative projects, intensive stakeholder dialogue is often highly beneficial, as long as stakeholder participation is professionally organized from the very beginning of a project. Deciding on options provided by research projects is a policy issue and close interaction with stakeholders significantly enhances the chances of actually implementing the solutions provided by a project in a relevant time frame.
Requirements
Investing in EU collaborative projects in the field of research on sustainable use of chemicals, the environment and its services to humanity calls for:
• Recognition that it is required to employ novel concepts and approaches to comprehensively address, assess and manage the 'universe of chemicals' which modern societies rely on for various services and simultaneously reaching the SDGs; • Acknowledgement that our current rate of innovation and trends in consumption require tools that adequately help to evaluate the likelihood of harm imposed by complex mixtures (both predictive and preventive as well as diagnostic and curative); • Realization of the needs to be inclusive of human and environmental health, and provide for dynamic changes in human-environmental interactions, as well as account for the relevance of potential interaction between different stressors in a climate change context; • Establishment of funding instruments for collaborative projects that explore and develop novel routes of solution-oriented assessment and management to safeguard biodiversity, ecosystem services, and human health; • Consideration of the specific characteristics of collaborative environmental research that have less focus on marketable products and business development but strives for providing scientific evidence for the achievement of the policy and societal goals of the EU concerning public goods; • Awareness that understanding, and advanced monitoring, assessment and management of chemical mixtures and non-chemical stressors in European water resources may change our knowledge on causes and sources of risks and thus will support low-footprint cities, sustainable food, industrial and energy production not the least by avoiding costly remediation of contamination; • Effective demonstration and evaluation in case studies involving stakeholders at different spatial scales and covering regional differences in geographies, land use and cultural context.
Achievements

Applied, collaborative, interdisciplinary research on a European scale
The EU-funded projects SOLUTIONS, MARS, and GLOBAQUA with a total funding volume of over 20 million Euro and comprising 80 leading scientific institutes from 23 European countries together with partners from Australia, Brazil, China, Turkey and Morocco provided the critical mass to successfully overcome the interdisciplinary challenges of monitoring, assessment and protection of European water resources as established in the WFD and the EU strategy for a non-toxic environment. The balance between individual objectives and approaches of the projects and intensive exchange and collaboration between the projects allowed for overarching conclusions directly informing decision making in the catchments and in European regulation. That is, MARS developed an overarching concept to assess how multiple stressors affect surface water and analysed stress data at the European, at the catchment and at the water body scale, providing methods to support improving ecological status in a multiple-stress context. SOLUTIONS contributed a comprehensive picture of contamination and toxic stress in European catchments using predictive modelling based on emission data as well as monitoring of complex mixtures and effects at the watershed scale in major European river basins including those of the Rivers Danube, Rhine and Ebro. GLOBAQUA studied multiple stressor effects in rivers of southern Europe such as the Adige, Evrotas and Sava, providing methods to tailor the aforementioned approaches to water systems under water scarcity scenarios. Together, the projects provided methods to monitor, assess and manage chemical mixtures and other stress that allow for advanced assessment of both chemical safety and ecological status. Collaborative modelling and monitoring data assessments across the three projects revealed that chemical mixtures occur as one of the prevailing factors for determining the ecological status in many rivers. Pollutants collectively contribute in multiple stressor settings to a similar degree as nutrients, hydrology and riparian land use, with a spatiotemporal variability that relates to land use and season. To better understand toxic stress under water scarcity as an increasing challenge under climate change, SOLUTIONS and GLOBAQUA closely collaborated on the Iberian Peninsula and were able to demonstrate the intensifying role of climate change on the environmental impact of chemicals. These results, which emerge from collaborative, interdisciplinary European research, suggest that the separate consideration of chemical contamination (status) and ecological status needs to and can be overcome to achieve the goals of the Water Framework Directive (WFD).
Although strongly focused on fulfilling societal and regulatory demands, applied research, as it has been performed in the three European projects, addresses the full chain of knowledge from basic understanding of scientific processes via monitoring and assessment tools to the formulation of recommendations for protection and management efforts by all stakeholders, supported by a comprehensive set of policies. This may be illustrated by the monitoring of toxic stressors in European water bodies as performed in SOLUTIONS. Starting with the collation and investigation of modes of action and toxicogenomics of known water contaminants [38, 39] , an effect-based monitoring strategy and the corresponding toolbox [24] were developed, rigorously evaluated and adapted using selected chemicals [40] , mixtures [41] and field samples [42] . Through extensive stakeholder dialogue, policy-related working groups, workshops, via scientific and popular publications plus close collaboration with relevant science-policy interaction networks such as NORMAN, the new concepts were discussed, refined and integrated in the decision-making processes regarding the review of WFD [43] .
Solution-based approaches in monitoring, assessment and management of risks of complex chemical mixtures and multiple stressors
While current evaluations of chemical pollution in European surface waters focus on problem description and water quality classification, the projects SOLUTIONS, MARS and GLOBAQUA put emphasis on early exploration of prevention and abatement options considering the remedial space within the Drivers-Pressure-State-Impacts-Response (DPSIR) causal approach [32] . To facilitate solution-focused risk assessment [37] , a conceptual framework has been developed [16] . The early consideration of possible responses is supported by a database on technical abatement options [44] and a systematic evaluation of non-technical abatement options. SOLUTIONS-focused assessment of multiple stressors is supported by the SOLUTIONS' Tools and Services for River Basin Toxicants Assessment and Management accessible through the web-based guidance tool RiBa-Tox (https ://solut ions.marvi n.vito.be/ [29] ) and by a living database architecture for the exchange of chemical and effect-based monitoring data [30] . Moreover, a scenario analysis tool developed by MARS provides indications on how stressor intensity and ecological status will develop under given scenarios of human impact at the European scale and broken down to more than 100,000 sub-catchments in Europe (https ://mars-proje ct-sat. shiny apps.io/mars-sat). In addition, a diagnostic tool developed by MARS assists water managers to identify the main stressors affecting the ecological status, and to derive appropriate management measures (http:// fresh water platf orm.eu/index .php/mars-diagn ostic -tools .html). GLOBAQUA developed ESPRES (Efficient Strategies for anthropogenic Pressure Reduction in European waterSheds, http://www.globa qua-proje ct.eu/en/conte nt/ESPRE S-tool.94/), a web-based decision support tool that can be employed to explore management options for achieving environmental targets of European water bodies. The user-friendly web interface supports multicriteria river basin analyses via DPSIR-based causal analysis steps to identify efficient pressure reduction strategies and reflecting the perception of stakeholder efforts, which includes monetary costs, political difficulty, and social acceptability of available solutions. Monitoring and assessment of ecosystem goods and services such as river ecosystem functioning have been addressed by GLOBAQUA and recommended as a crucial module to be included in the existing river monitoring and assessment schemes [45] . The resultant toolbox is accessible (http://www.globa qua-proje ct.eu/en/conte nt/Toolb ox-for-ecosy stem-funct ionin g.50/).
Success measures towards a non-toxic environment and sustainable cities and landscapes
While global boundaries have been defined as the safe operating space for humanity [36] , ecological, energy, carbon and water footprints have been introduced to quantify the appropriation of natural resources by humans within these boundaries [46, 47] , typically at a regional scale. Chemical footprints as applied in SOLU-TIONS were likewise developed as an indicator of the cumulative impacts of chemical mixtures on biodiversity and represent the approximation or exceedance of a contamination level considered as safe [48] . They are recommended to be used to evaluate trends in chemical contamination and may help selecting best options for abatement scenarios, as well as to communicate complex data sets on mixture exposures and effects [32] . To anticipate the effectiveness of interventions, the perspectives of the water cycle and the chemical life cycle were connected by providing a mitigation database coupled to hydrological models [44] .
River basin scale case studies were instrumental to benchmark performance of modelling and measurement tools for water contamination assessment, provided data necessary to identify river basin-specific pollutants, demonstrated the benefits of the technical upgrade of wastewater treatment plants, specified the potential for targeted remediation of pollution sources, and demonstrated the interactions between contamination and situations of water scarcity that need to be acknowledged. In particular, we sought to conceptually provide links for bridging between chemical and ecological water status measures [49] [50] [51] . This includes the identification and ranking of environmental hazards with ecosystem vulnerability distributions [52] . Thus, we overcame a major hurdle in current water quality assessment, where ecological and ecotoxicological assessments and recommendations are derived independently, based on different principles (protection vis a vis protection and impacts) leading to diverging, if not contradictory advice for river basin management.
Science-policy interaction and stakeholder dialogue
Starting in the proposal phase, a systematic and structured dialogue with diverse stakeholders was established in the three collaborative projects SOLUTIONS, MARS and GLOBAQUA. It involved major stakeholders in the fields such as DG Environment, European Environmental Agency (EEA), European Chemical Agency (ECHA), European Food Safety Authority (EFSA), International River Commissions such as International Commission for the Protection of the Danube River (ICPDR) and the Rhine (ICPR), national environmental and chemical agencies, water industry, and NGOs. The structured stakeholder dialogue led to joint activities and developed new options. For example, SOLUTIONS provided the compilation of river basin-specific pollutants suggested for the Danube River Basin Management Plan and provided conceptual and technical input as well as case study evidence to the sub-group for effect-based methods of the CIS Working Group Chemicals under DG Environment. MARS with stakeholder participation developed conceptual models on how the relevant multiple stressors affect water body status in sixteen case study catchments and subsequently used the outcome for producing predictive models. The results were discussed in a specific workshop with the Common Implementation Strategy (CIS) Working Group ECOSTAT of DG Environment. A moderated e-learning course for policy makers and river basin managers was provided to translate scientific understanding for end users (http://www.globa qua-proje ct.eu/en/conte nt/E-Learn ing.93/).
In summary, the three projects SOLUTIONS, MARS and GLOBAQUA provided well-structured and complementary contributions to the EU policy goals on sustainable management of water resources. Acknowledging a growing world population with growing demands for agricultural, industrial and energy production under conditions of climate change, land use changes and urbanization pressures and management needs emerge at a novel scale. We need to jointly address toxic pressure by complex mixtures of chemicals and multiple stressors from various sources across compartmental and regulatory borders and enable their prediction, monitoring, assessment and abatement. Accounting for associations and nexus between SDGs is a major challenge for which scientific as well as practical solutions are sought that circumvents undue trade-offs between SDGs. The water quality-related projects GlobAqua, MARS and SOLU-TIONS may serve as examples for the performance of collaborative projects in supporting a rational European policy on sustainability, environmental protection, and for safeguarding of ecosystem services for "living well, within the limits of our planet" [13] . 
